Antlers originating from Lower Saxony, Germany, and covering a broad range of the nuclear weapons testing period were collected from hunters. The roe deer (Capreolus capreolus) loses the antlers yearly. Therefore, the level of Sr-90 in the antlers represents the uptake during a single year. In total 18 samples from the years 1960-1971 and 1997 as well as from 1913 were collected. The mean value of the Sr-90 level in the antlers from the 1960s was 450 ± 250 Bq kg −1 dry weight. Possible correlations were investigated. The strongest correlation was found with the Sr-90 level in the soil.
Introduction
Sr-90 (t 1/2 = 28.9 y) is a bone seeking pure beta emitter with a high dose coefficient. Antlers of Cervidae like roe deer, red deer, and reindeer are considered good biomonitors for Sr-90 [1, 2] . The roe deer (Capreolus capreolus) was chosen as the most common deer species in Europe, feeding mainly on grass and leaves, especially from young shoots with high moisture content, but also on berries and mushrooms. In winter the main food of the roe deer is lichen. Antlers were chosen because the bucks (the male gender) develop their antlers every year. Therefore, the Sr-90 level of the antlers is expected to reflect the annual uptake of Sr-90 by the animal. According to the roe deer antlers cycle (different from that of the red deer), the birth of the antlers starts in January until shedding them in November as presented in Fig. 1 . The main development period is on average between January and April and it takes about 15-20 weeks.
A retrospective study was started on roe deer antlers for the determination of Sr-90 activity in the antlers from Germany for the period when also nuclear test programs were intensively carried out and as a consequence elevated deposition of the fission products was observed in the environment. These years were mainly from 1952 to 1959 and 1961 to 1971 as can be seen in Fig. 2 on the annual deposition of Sr-90 in the world and in the northern hemisphere during this period [3] .
About 42% of all fission yield was exploded in the former period and 47% in the latter, totalizing 89% [4, 5] . For fusion the corresponding yields were 25% and 72%, respectively, giving a total of 97%. The maximum of the latitudinal distribution of Sr-90 was found in the mid latitude band between 30° and 60° [6, 7] affecting also German territories. According to the most recent report [8, 9] the total number of atmospheric nuclear tests was more than 500 with a total yield of more than 400 Mt.
Local data on the mean beta activity concentration in the precipitation (Bq l −1 ) and the activity deposited onto the ground (Bq m −2 ) at that time are available [10] . The two data collecting points nearest to the sampling area were in Emden and Hanover. Moreover, experimental data for Sr-90 in soil and vegetation from that region for the studied period were published [11] .
Roe deer antlers from the most intensive nuclear weapon testing years, all from Lower-Saxony, were collected and analysed. The main collecting/hunting area (blue dot) around the coordinates 08° 14′ 49″ E, 52° 58′ 26″ N in Lower-Saxony (in green) is presented in Fig. 3 . Related to the provenance of the samples, there is one exception for the year 1963. This sample was collected from another hunting area situated about 100 km east of the main area, since the acquisition of a sample for this year from the main area was not successful. The two nearest data collecting points * E. Kabai ekabai@bfs.de 1 3
for precipitation at that time are also indicated on the map: Emden (yellow dot) and Hanover (orange dot). Unfortunately, only a few similar studies have been done on antlers. For other areas in Europe some data were reported on the local scale from Denmark for roe deer antlers [12] , from Norway for reindeer (Rangifer tarandus) antlers [13] and from Austria and Spain for red deer (Cervus elaphus) antlers [1, 2] . Other studies investigated different skeletal parts of the Cervidae, e.g. bones of roe deer [14, 15] . The reason why not so many data exist, is partially due to the challenge of acquiring proper samples, particularly retrospectively, and partially due to the complexity in sample preparation and radiostrontium analytics.
Materials and methods

Samples
In this study a total of 18 antler samples were analysed, representing 14 different shooting years (Fig. 4 ). The roe deer is losing the antlers yearly according to antlers cycle, so the content of Sr-90 in the antlers corresponds to 1 year uptake ( Fig. 1 ). Samples were collected from the following years: 1913 as pre-nuclear tests sample, 1960-1971 as from the period when most of the nuclear tests were executed and from 1997 as post-nuclear tests sample. Neither the age of the animals was known nor was the distribution along the antlers investigated, so these parameters were not taken into account in this study. It is known from roe deer bones analysis that the Sr-90 levels (Bq g −1 ) in the bones are increasing with the age of the animal at the same site. Moreover, it was demonstrated that no significant difference can be observed in the activity values of Sr-90 in the distinct parts of the deer bones [15] .
If enough sample material was available, double determinations were done for the samples. In some cases, where the results were not totally consistent for two aliquots of the same sample or for two different samples of the same year, supplemental determinations were carried out. [3] Additionally, two selected skull samples from the main area were analysed as well in order to investigate the distribution of Sr-90 in the skeleton of the animals.
Reagents and equipment
All chemical reagents used were of analytical grade from Merck Chemicals, Germany. The carrier solutions of strontium and barium, respectively, were freshly prepared in our laboratory. Before using them, the concentration was checked by Atomic Absorption Spectroscopy (AAS) with a contrAA 700 (Analytik Jena) instrument. The single-element standards for Ca and Ba for AAS measurement were Certipur AAS Standards, the Sr was a Certipur ICP Standard from Merck Chemicals, Germany. The elemental analysis using an energy dispersive X-ray fluorescence spectrometer (ED-XRF) was done with the SPECTRO XEPOS instrument. The measurements of Sr-90 were performed with lowlevel alpha/beta counters of type LB-4100 from Canberra Instruments, Germany, and LLB 770 10-fold counter from Berthold Instruments, Germany.
Experimental
For the determination of Sr-90 in the antler, after the samples preparation, the classical precipitation method was applied with subsequent beta measurement using a low-level proportional beta counter as detailed in Fig. 5 . The applied method is an adaptation of the method described for the determination of Sr-90 in soil samples [16] . This was necessary due to the chemical composition of the antlers with an expected high alkaline-earth elements (especially calcium) content [17] . The beta measurement requires that the strontium is separated from any other contaminants, otherwise interferences could occur. Therefore, in the scheme was included also the separation from trace metals possibly present in the antlers.
According to Fig. 5 approximately 10 g sample previously sawed with a low velocity saw was ashed at 650 °C for 6 h and the ash was finely ground. It is important to have a slow sawing process, otherwise the sample can be lost by fragmentation. Before dissolution an aliquot of the ash was retained for the ED-XRF measurement in order to determine the natural content of stable strontium and other elements. After dissolution in concentrated HCl the residue was filtered. Sr-carrier solution corresponding to approx. 200 mg Sr was added to the filtered solution. The alkaline metals were separated from the rest of the dissolved matrix by carbonate precipitation with 150 ml saturated Na 2 CO 3 solution. After cooling, the precipitate was separated by centrifugation from the supernatant and washed. The carbonate precipitate containing strontium was re-dissolved in a few ml conc. HNO 3 in the centrifuge tube and transferred to a beaker. Then 200 ml of 70% HNO 3 were added to the solution to precipitate strontium again as nitrate. The nitrate precipitate was cooled to less than 5 °C in order to re-dissolve calcium nitrate, thus separating from strontium nitrate. Under these conditions Ca passes into the solution, while Sr, Ba and Ra remain precipitated. Afterwards, the Sr(NO 3 ) 2 precipitate was dissolved in approx. 50 ml of distilled water. A Fe(OH) 3 scavenging was conducted to separate any iron or other contaminants like rare earth elements (REE). The iron hydroxide precipitate was filtered. The separated solution was subject to a chromate precipitation by adding 1 ml of cold-saturated (NH 4 ) 2 CrO 4 in order to separate Ba, Ra and Pb from Sr. The pH of the solution was adjusted to 4.5, the formed precipitate of chromates was centrifuged and the supernatant was used further for strontium determination by converting it to carbonate. For this step 1 g of solid (NH 4 ) 2 CO 3 was added to the supernatant solution and the formed carbonate precipitate was centrifuged again. After re-dissolution in a few ml of 16% HCl, strontium was separated from yttrium using hold-back carrier and finally precipitated as SrSO 4 by adding ammonium sulphate to the solution. The pH was adjusted to 4 by addition of 4 M H 2 SO 4 solution. Afterwards the precipitate was filtered, washed and dried at 80 °C for 30 min. The obtained precipitate represented the counting source for low-level beta measurement.
The composition of stable isotopes in the antlers was determined either using Energy Dispersive X-Ray Fluorescence Spectrometry (ED-XRF) on ash powder samples or by Atomic Absorption Spectroscopy (AAS) on dissolved ash solutions.
The calcium content in antlers was determined from an aliquot of the dissolved ash using Atomic Absorption Spectroscopy (AAS). The samples were measured in a Low-Level Beta counter (LLB) three times for 5 h to determine the Sr-90 activity. The yttrium build-up during the measurement was corrected. The system background was determined just before or after the samples measurement. The radiochemical yield was determined either by gravimetrically weighting the SrSO 4 precipitate following drying until constant weight or using AAS by the determination of stable strontium just before the last precipitation step.
Results and discussion
Strontium-90 content of the antlers
The obtained results of the Sr-90 in the analysed roe deer antlers are summarised in Table 1 .
The mean value for the 1960s is 450 ± 250 Bq kg −1 DW Sr-90, the minimum is 131 Bq kg -1 DW and the maximum is 922 Bq kg −1 DW. The mean value is significantly higher in comparison with the pre-nuclear weapons testing sample from 1913, where practically no Sr-90 is present, and also in comparison with the post-nuclear testing period sample from 1997, which contains only 34 Bq kg −1 DW Sr-90. The specified uncertainties are calculated for a coverage factor of k = 2 and are expressed as relative combined uncertainty (%). The calculated detection limit using this method is about 1 Bq kg −1 DW.
To check the distribution of Sr-90 in the skeleton, the two selected roe deer skull samples from 1966 and 1967 were analysed. It can be concluded that the activity of Sr-90 in the skulls is similar to that in the antlers with a relative deviation of around 1%, which means that there is no difference between the Sr-90 activity in the skulls (associated with the cumulative deposition of Sr-90) and the Sr-90 activity in the antlers (associated with the annual uptake of Sr-90) at least for these sampling years. 
Elemental analysis of the antlers
According to the elemental analysis (Table 2) , calcium is present in each sample as macro component (mg g −1 sample) as expected. Other micro components (ppm) which are interesting from the point of view of the radioanalytical separation like Sr, Ba, Cs and Pb are listed as well.
Possible correlations
Analysing these results, the next question was if there is some correlation between the stable elements concentration and the Sr-90 activity accumulated in the antlers. To evaluate this, especially the calcium and the strontium content was analysed in relation to the Sr-90 activity values in the samples, because it was expected to find some correlation with these elements. In the measured samples no correlation (R 2 Ca = 0.019, R 2 Sr = 0.006) was found as illustrated in Fig. 6 and the reason for that is not known.
Furthermore, it was investigated which correlations exist between the available environmental data collected at that time, e.g. the annual deposition of Sr-90 in the northern hemisphere (NH), the activity concentration of the precipitation or the data collected on soil or vegetation and the Sr-90 activity level in the antlers. The evaluation of the correlation coefficients for each pair of data is summarized in Table 3 . It can be seen that a very good correlation with the antlers Sr-90 activity level was found especially for the activity in soil (R 2 = 0.92) and vegetation (R 2 = 0.73). A weak correlation exists between the antlers and the annual deposition in the northern hemisphere. It was noted that an appreciable correlation between the annual deposition and the local precipitation data exist (R 2 Emden = 0.76 and R 2 Hanover = 0.89, respectively). From both local precipitation data, the data point Hanover is correlating better than Emden. This is probably due to the fact that Emden is a harbour city while Hanover has a climate more characteristic for the hunting area. Moreover, local and regional inhomogeneities in the deposited activity could be the result of some differences in the wash-out effect due to the precipitation.
The fact that the soil is correlating better than the vegetation may be due to the period when the antlers of roe deer develop (winter and early spring). During this period of low food supply the animals feed mainly on vegetation from the past year and food components in soil (e.g. deer truffles) but less on young shoots. Compared to root uptake of Sr-90, direct deposition onto plants is expected to be of minor relevance in this period of the year. In addition, there might be differences between the published data on the measured vegetation (usually grass) and the normal diet of the animals.
For the 1960s, the development of Sr-90 levels over time is presented in Fig. 7 for the most correlated data. 
Quality control
In order to assure the quality of the results, the method was tested with a standard reference material. The IAEA-375 soil was analysed for Sr-90 activity. The results show a measured to theoretical ratio of about 0.9. Additionally, as quality assurance two plant samples are analysed regularly for Sr-90 in the laboratory with the described procedure. These are: a lime blossom (Tiliae flos) and a silverweed (Potentilla anserina) sample.
The quality control charts are presented in Fig. 8 . Beside the measured results the charts show also the mean values of the measured data with 2.58 σ confidence interval corresponding to a 99% probability.
Conclusions
The retrospective analysis of Sr-90 in roe deer antlers was done for samples originating from north-west Germany. The Sr-90 values in the antlers in the years of the intensive nuclear weapons testing period is increased. The mean value for the 1960s is 450 ± 250 Bq kg −1 dry weight. The . 7 Mean values of Sr-90 (Bq kg −1 DW) in antlers, in vegetation and in soil over time obtained detection limit for the applied method is about 1 Bq kg −1 DW. It was demonstrated that there is no correlation between Sr-90 activity and stable strontium or calcium content of the antlers. A strong correlation was found between the Sr-90 activity in the antlers and the Sr-90 activity in soil and vegetation, respectively. A weak correlation with the annual deposition in the northern hemisphere could also be identified. This demonstrates the fact that a simple model is able to describe complex environmental processes surprisingly well and strengthens the assumption that roe deer antlers are good bioindicators of radioactive contamination. 
